Introduction {#s01}
============

The innate immune system is the first line of host defense against pathogen invasion. After detection of structurally conserved pathogen--associated molecular patterns (PAMPs) via germline-encoded pathogen recognition receptors (PRRs), the host cells initiate a series of signaling cascades which ultimately induce the expression of downstream antiviral genes, such as type I IFNs and inflammatory cytokines, to inhibit replication of pathogens, clear pathogen-infected cells, and facilitate adaptive immune response ([@bib1]; [@bib11]; [@bib9]; [@bib3]).

Innate immune response to cytosolic viral RNA is mediated by RIG-I-like receptors (RLRs) including retinoic acid-inducible gene 1 protein (RIG-I) and melanoma differentiation-associated gene 5 (MDA5), which contain two N-terminal tandem caspase recruitment domain (CARDs), a helicase domain, and a C-terminal domain (CTD) and recognize different types of RNA viruses ([@bib37]). In the absence of viral infection, RIG-I and MDA5 are phosphorylated in their respective CARDs to suppress their activation in resting cells ([@bib8]; [@bib26]; [@bib32]). Additionally, RIG-I but not MDA5 exhibit an autoinhibition state through the intramolecular interaction of its CARDs and CTD in uninfected cells ([@bib28]). After recognition of cytosolic viral RNA, RIG-I and MDA5 undergo conformational changes and recruit PP1 for their dephosphorylation ([@bib32]), followed by their K63-linked polyubiquitination ([@bib7]; [@bib38]; [@bib36]) and translocation to the outer membrane of mitochondria on which they further recruit and activate the central adaptor virus-induced signaling adaptor (VISA, also known as MAVS, CARDIF, and IPS-1; [@bib16]; [@bib24]; [@bib29]; [@bib33]). VISA in turn recruits TNF receptor--associated factor 2/6 (TRAF2/6) and mitochondrial mediator of IFN regulatory factor 3 (IRF3) activation (MITA, also known as STING) to activate the GSK3β-TBK1 and IKK complexes, which then phosphorylate the transcriptional factors IRF3 and NF-κB, respectively, leading to the ultimate induction of downstream antiviral genes ([@bib41]; [@bib17]; [@bib12]; [@bib21]). In addition, at the late phase of viral infection, RIG-I and MDA5 are regulated by K48-linked polyubiquitination and degradation to avoid their sustained activation ([@bib2]; [@bib5]; [@bib10]). However, how RIG-I and MDA5 are optimally activated in early-infected cells, and then timely turned-off at the late phase of viral infection, is still enigmatic.

In this study, we report that RIG-I and MDA5 are dynamically sumoylated by tripartite motif-containing protein 38 (TRIM38) in uninfected or early-infected cells to ensure their optimal activation, and then undergo desumoylation by sentrin/sumo-specific protease 2 (SENP2) and degradation at the late phase of viral infection to turn off the sustained induction of downstream antiviral genes. Our study provides exciting insights into the mechanisms on how innate immune response to RNA virus is efficiently mounted upon infection and terminated in a timely manner at the late phase of infection to avoid excessive and harmful immune damage to the host.

Results {#s02}
=======

TRIM38 positively regulates RIG-I-- and MDA5-mediated signaling {#s03}
---------------------------------------------------------------

Using a two-step immunoaffinity purification and "shot-gun" mass spectrometry analysis, we identified TRIM38 as a candidate protein associated with MDA5. As it has been shown that certain TRIM family members are involved in regulation of innate immune responses ([@bib31]), we investigated whether TRIM38 is involved in MDA5-mediated signaling. Coimmunoprecipitation experiments indicated that TRIM38 interacted with MDA5 as well as RIG-I in mammalian overexpression system ([Fig. 1 A](#fig1){ref-type="fig"}). Endogenous TRIM38 constitutively interacted with RIG-I and MDA5 in uninfected cells, and their interactions were increased after infection with the RNA viruses Sendai virus (SeV) and encephalomyocarditis virus (EMCV; [Fig. 1 B](#fig1){ref-type="fig"}), which have been shown to be sensed by RIG-I and MDA, respectively ([@bib22]). Domain mapping experiments indicated that TRIM38 interacted with both the N-terminal CARD-containing (aa 1--284 of RIG-I or aa 1--200 of MDA5) and the C-terminal Helicase-containing (aa 201-925 of RIG-I or aa 201-1025 of MDA5) domains of RIG-I and MDA5 via its PRY-SPRY (aa 290-465) domain ([Fig. 1, C and D](#fig1){ref-type="fig"}). Interestingly, unlike the negatively regulatory roles of TRIM38 in TLR3/4-mediated or TNF/IL-1-triggered signaling ([@bib13], [@bib14]), TRIM38 but not its enzymatic-inactive mutant TRIM38(C31S) dramatically potentiated RIG-I-- and MDA5-, but not VISA-mediated activation of the IFN-β promoter in reporter assays ([Fig. 1 E](#fig1){ref-type="fig"}). Consistently, TRIM38 but not TRIM38(C31S) markedly potentiated RIG-I-- and MDA5-mediated cellular antiviral responses ([Fig. 1 F](#fig1){ref-type="fig"}). Knockdown of TRIM38 markedly inhibited SeV and transfected polyinosine-polycytidylic acid (poly(I:C))--triggered activation of the IFN-β promoter in reporter assays ([Fig. 1 G](#fig1){ref-type="fig"}) and transcription of downstream antiviral genes, including *IFNB1*, *CXCL10*, and *TNFA* ([Fig. 1 H](#fig1){ref-type="fig"}). These results suggest that TRIM38 positively regulates RIG-I-- and MDA5-mediated induction of downstream antiviral genes.

![**TRIM38 positively regulates RIG-I-- and MDA5-mediated signaling.** (A) Coimmunoprecipitation of TRIM38 with MDA5 and RIG-I in mammalian overexpression system. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by coimmunoprecipitation experiments and immunoblotting analysis. (B) Endogenous association of TRIM38 with RIG-I and MDA5. THP-1 cells were left uninfected or infected with SeV (top) or EMCV (bottom) for the indicated times followed by coimmunoprecipitation and immunoblotting analysis with the indicated antibodies. (C and D) Domain mapping of TRIM38 with RIG-I and MDA5. Experiments were performed as in B, except for the different transfected plasmids. (E) Effects of TRIM38 or TRIM38(C31S) on RIG-I-- and MDA5-mediated activation of the IFN-β promoter. HEK293 cells were transfected with the indicated plasmids for 24 h before luciferase assays. (F) Effects of TRIM38 or TRIM38(C31S) on RIG-I-- and MDA5-mediated cellular antiviral response. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by VSV (MOI = 0.1) infection for 24 h, and then the supernatants were collected for plaque assays to determine the viral titers. (G) Effects of knockdown of TRIM38 on SeV- or poly(I:C)-induced activation of the IFN-β promoter. (left) HEK293 cells were transfected with the indicated plasmids for 24 h before immunoblot analysis. (right) HEK293 cells were transfected with the indicated plasmids for 36 h, and then transfected with infected with SeV or poly(I:C) for 18 h for 10 h before luciferase assays. (H) Effects of TRIM38 knockdown on SeV- or poly(I:C)-induced transcription of downstream antiviral genes. HEK293 cells were transfected and treated as in (I) before qPCR analysis. Data are from one representative experiment with four (E and G) or three (H) technical replicates. The error bars are mean ± SD in E, G, and H. All experiments were repeated twice.](JEM_20161015_Fig1){#fig1}

TRIM38 is required for RLR-mediated innate immune response to RNA virus {#s04}
-----------------------------------------------------------------------

To further confirm a role of TRIM38 in RLR-mediated innate immune response to RNA virus, we infected *Trim38*^+/+^ and *Trim38*^−/−^ BM-derived macrophages (BMDMs) with different types of RNA viruses, including MDA5-sensed EMCV, and RIG-I--sensed SeV, Newcastle disease virus (NDV), and vesicular stomatitis virus (VSV). The results indicated that Trim38 (referred as the murine orthologue of human TRIM38) deficiency significantly impaired transcription of downstream antiviral genes including *Ifnb1*, *Cxcl10*, *Tnfa*, and *Il6* induced by these RNA viruses ([Fig. 2 A](#fig2){ref-type="fig"}), especially at the early phase (4--12 h) but not late phase (16 h) after viral infection ([Fig. 2 B](#fig2){ref-type="fig"}). Trim38 deficiency also dramatically inhibited transcription of downstream antiviral genes induced by EMCV, VSV, and SeV in mouse BMDCs or mouse lung fibroblasts (MLFs; [Fig. 2 C](#fig2){ref-type="fig"}). ELISAs further confirmed that secretion of Ifn-β and Tnf induced by EMCV and SeV was significantly inhibited in Trim38-deficient BMDMs ([Fig. 2 D](#fig2){ref-type="fig"}). Consistently, EMCV- and SeV-induced phosphorylation of Tbk1, Irf3, and IκBα, which are hallmarks of activation of downstream signaling components, was markedly decreased in *Trim38*^−/−^ compared with *Trim38*^+/+^ BMDMs ([Fig. 2 E](#fig2){ref-type="fig"}). Additionally, transcription of downstream genes induced by transfected EMCV RNA and synthetic RNA, including high molecular weight poly(I:C) (recognized by MDA5) and low molecular weight poly(I:C) (poly(I:C)-LMW, recognized by RIG-I), was impaired in *Trim38*^−/−^ BMDMs ([Fig. 2 F](#fig2){ref-type="fig"}). In similar experiments, transcription of *Cxcl10* induced by Ifn-α4 and Ifn-β was fully comparable between *Trim38*^−/−^ and *Trim38*^+/+^ BMDMs ([Fig. 2 G](#fig2){ref-type="fig"}). Collectively, these results suggest that Trim38 plays a specific and essential role in RLR-mediated induction of downstream antiviral genes in various cell types.

![**TRIM38 is required for RLR-mediated innate immune response.** (A and B) Effects of Trim38 deficiency on RNA virus--induced transcription of downstream antiviral genes in BMDMs. The indicated cells were left uninfected or infected with the indicated viruses for 6 h (A) or infected with SeV or EMCV for the indicated times (B) before qPCR analysis. (C) Effects of Trim38 deficiency on RNA virus--induced transcription of downstream antiviral genes in BMDCs or MLFs. *Trim38*^+/+^ and *Trim38*^−/−^ BMDCs (A) or MLFs (B) were left uninfected or infected with EMCV, VSV, or SeV for 6 h before qPCR analysis. (D) Effects of Trim38 deficiency on EMCV- and SeV-induced secretion of Ifn-β and Tnfα cytokines in BMDMs. The indicated cells were left uninfected or infected with EMCV or SeV for 18 h before ELISA with the culture medium. (E) Effects of Trim38 deficiency on EMCV- or SeV-induced phosphorylation of Tbk1, Irf3, and IκBα in BMDMs. The indicated cells were left uninfected or infected with EMCV or SeV for the indicated times, followed by immunoblotting analysis. (F) Effects of Trim38 deficiency on transcription of antiviral genes induced by transfected nucleic acids in MLFs. The indicated cells were transfected with the indicated nucleic acids for 6 h before qPCR analysis. (G) Effects of Trim38 deficiency on IFN-α4- or IFN-β--induced transcription of *Cxcl10* in BMDMs. The indicated cells were left untreated or treated with IFN-α4 or IFN-β for the indicated times for the indicated times before qPCR analysis. (H) Effects of Trim38 deficiency on VSV- or EMCV-induced death of mice. *Trim38*^+/+^ and *Trim38*^−/−^ mice (*n* = 16) were intranasally infected with VSV at 10^8^ PFU per mouse or EMCV at 10^5^ PFU per mouse, and the survival rates of mice were observed and recorded for two weeks. (I) Measurement of viral titers in the brain of infected mice. *Trim38*^+/+^ and *Trim38*^−/−^ mice (*n* = 3) were intranasally infected with VSV at 10^8^ PFU per mouse or EMCV at 10^5^ PFU per mouse. 2 d later, the brains of the infected mice were extracted for measurement of viral titers. The P-values were calculated using the Student's *t* test. Data in A, B, and C are from four biological replicates. Data in F and G are from one representative experiment with three technical replicates. The error bars are mean ± SD in A--D, F, G, and I. Experiments were repeated twice (E--I) or three times (D).](JEM_20161015_Fig2){#fig2}

We next determined whether Trim38 is essential for effective host defense against RNA virus in vivo. We intranasally infected *Trim38*^+/+^ and *Trim38*^−/−^ mice with VSV or EMCV and monitored the survival of the mice for 2 wk. The results indicated that *Trim38*^−/−^ mice were more susceptible to VSV- and EMCV-induced death ([Fig. 2 H](#fig2){ref-type="fig"}). Consistently, viral titers in the brains were much higher in *Trim38*^−/−^ mice at 2 d after viral infection ([Fig. 2 I](#fig2){ref-type="fig"}). Collectively, these results suggest that Trim38 plays important roles in efficient host defense against RNA virus infection in vivo.

TRIM38 catalyzes sumoylation of MDA5 and RIG-I {#s05}
----------------------------------------------

We next investigated the mechanisms of TRIM38 in the regulation of RIG-I and MDA5. Because TRIM38 is an E3 ubiquitin ligase ([@bib14]), we next examined whether TRIM38 could catalyze polyubiquitination of MDA5 and RIG-I. However, overexpression of TRIM38 inhibited but not promoted the polyubiquitination of MDA5 and RIG-I ([Fig. 3 A](#fig3){ref-type="fig"}). In similar experiments, TRIM38 promotes polyubiquitination of TRIF ([Fig. 3 A](#fig3){ref-type="fig"}), which is consistent with our previous results ([@bib14]). Previously, it has been demonstrated that certain TRIM protein family members, including PML, TRIM 27, TRIM28, and TRIM38, can act as E3 SUMO ligases ([@bib30]; [@bib25]; [@bib6]; [@bib20]; [@bib15]). Interestingly, TRIM38 but not its enzyme-inactive mutant TRIM38(C31S) could promote SUMO1 but not SUMO2 or SUMO3 modification of RIG-I and MDA5 ([Fig. 3 B](#fig3){ref-type="fig"}). In similar experiments, TRIM38 failed to promote sumoylation of TRIF ([Fig. 3 C](#fig3){ref-type="fig"}). We further examined sumoylation of endogenous RIG-I and MDA5 in both *Trim38*^+/+^ and *Trim38*^−/−^ MLFs. As shown in [Fig. 3 F](#fig3){ref-type="fig"}, a sumoylated RIG-I species of ∼115 kD was detected in uninfected wild-type but not *Trim38*^−/−^ MLFs. Interestingly, another sumoylated RIG-I species of ∼130 kD was undetectable in uninfected wild-type MLFs, but markedly appeared at early phase (3--6 h) and decreased at late phase (12 h) of SeV infection ([Fig. 3 D](#fig3){ref-type="fig"}). These sumoylated RIG-I bands were not detected in *Trim38*^−/−^ MLFs either before or after SeV infection ([Fig. 3 D](#fig3){ref-type="fig"}). Considering that the molecule weights of RIG-I and SUMO1 are ∼100 and ∼15--20 kD in SDS-PAGE, respectively, our results suggest that endogenous RIG-I is dynamically modified with one or two SUMO1 moieties before and after viral infection, respectively in a Trim38-dependent manner. Similar experiments also showed that a weak sumoylated MDA5 species of ∼135 kD was detected in uninfected wild-type but not *Trim38*^−/−^ MLFs ([Fig. 3 E](#fig3){ref-type="fig"}). In addition, another sumoylated MDA5 species of ∼150 kD was undetectable in uninfected wild-type MLFs but markedly appeared at early phase (3--6 h) and decreased at late phase (12 h) of EMCV infection ([Fig. 3 E](#fig3){ref-type="fig"}). These sumoylated MDA5 bands were not detected in *Trim38*^−/−^ MLFs either before or after EMCV infection ([Fig. 3 E](#fig3){ref-type="fig"}). Because the molecule weights of MDA5 and SUMO1 are ∼120 and ∼15--20 kD in SDS-PAGE, respectively, we deduce that endogenous MDA5 is dynamically modified with one or two SUMO1 moieties before and after viral infection, respectively, in a Trim38-dependent manner.

![**TRIM38 catalyzes sumoylation of RIG-I and MDA5.** (A) Effects of TRIM38 on polyubiquitination of RIG-I, MDA5, and TRIF. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by immunoprecipitation and immunoblotting analysis with the indicated antibodies. (B and C) Effects of TRIM38 on sumoylation of RIG-I, MDA5, and TRIF. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by Ni^2+^ pull-down assays and immunoblotting analysis. (D) Effects of Trim38 deficiency on sumoylation of endogenous RIG-I. *Trim38*^+/+^ and *Trim38*^−/−^ MLFs were left uninfected or infected with SeV for the indicated times, followed by immunoprecipitation and immunoblotting analysis. \*, sumoylation bands of RIG-I. (E) Effects of Trim38 deficiency on sumoylation of endogenous MDA5. *Trim38*^+/+^ and *Trim38*^−/−^ MLFs were left uninfected or infected with EMCV for the indicated times, followed by immunoprecipitation and immunoblotting analysis. \*, sumoylation bands of MDA5. Data are from one representative experiment. All experiments were repeated three times.](JEM_20161015_Fig3){#fig3}

RIG-I and MDA5 are sumoylated at K96/K888 and K43/K865, respectively {#s06}
--------------------------------------------------------------------

Using the sumoylation site prediction program ([@bib35]), we identified four candidate motifs that are conserved between human RIG-I and its murine orthologue, including the motifs containing K96, K99, K177, and K888 in human RIG-I, which correspond to K96, K99, K177, and K889 in murine RIG-I, respectively. Mutagenesis indicated that mutation of either K96 or K888 but not K99 or K177 reduced sumoylation of human RIG-I, whereas simultaneous mutation of both K96 and K888 abolished its sumoylation ([Fig. 4 A](#fig4){ref-type="fig"}). To further confirm the sumoylation residues of RIG-I, we reconstituted wild-type RIG-I and its various mutants into *Rig-i*^−/−^ MEFs via the pseudotyped retroviral-mediated gene transfer approach. Interestingly, when *Rig-i*^−/−^ MEFs were infected with equal titers of pseudotyped retroviruses so that the mRNA levels of RIG-I and its mutants were comparable in the reconstituted cells, we observed that mutation of K889 (corresponding to K888 in human RIG-I) but not other residues dramatically decreased the stability of RIG-I ([Fig. 4 B](#fig4){ref-type="fig"}). To further analyze the sumoylation residues of RIG-I, we adjusted the titers of the pseudotyped retroviruses so that comparable protein levels of RIG-I and its mutants were expressed in the reconstituted cells. Immunoprecipitation experiments with these reconstituted cells indicated that mutation of K889 but not K96 abolished sumoylation of RIG-I in uninfected cells. Furthermore, mutation of either K96 or K889 attenuated SeV-induced sumoylation of RIG-I, and simultaneous mutation of K96 and K889 abolished sumoylation of RIG-I in both uninfected and infected cells ([Fig. 4 C](#fig4){ref-type="fig"}). These results suggest that RIG-I is sumoylated at K889 in uninfected cells and SeV infection induced further sumoylation of RIG-I at both K96 and K889, and that sumoylation at K889 of RIG-I increases its stability in resting cells.

![**Identification of sumoylation sites of RIG-I and MDA5.** (A) Identification of sumoylation residues of RIG-I. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by Ni^2+^ pull-down assays and immunoblotting analysis. (B) Expression of RIG-I and its mutants in reconstituted *Rig-i*^−/−^ MEFs. Reconstitution of RIG-I or its mutants into *Rig-i*^−/−^ MEFs, followed by analysis of their mRNA and protein levels. (C) Sumoylation of RIG-I and its mutants in reconstituted cells. *Rig-i*^−/−^ MEFs reconstituted with RIG-I or its mutants were left uninfected or infected with SeV for the indicated times before immunoprecipitation and immunoblotting analysis. To ensure comparable protein levels of RIG-I and its mutants in all reconstituted MEFs, the titers of retroviruses were adjusted for reconstitution. More retroviruses containing RIG-I K889R or K96/889R mutants were used to superinfect the cells, which were designated as K889R-H and K96/889R-H, respectively. (D) Identification of sumoylation residues of MDA5. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by Ni^2+^ pull-down assays and immunoblotting analysis. (E) Knockdown efficiency of MDA5-shRNA in stably transduced MEFs. The cells were left uninfected or infected with EMCV or SeV for 6 h before qPCR analysis. (F) Expression of MDA5 and its mutants in reconstituted MDA5-shRNA MEFs. Reconstitution of MDA5 and its mutants into MDA5-shRNA MEFs, followed by analysis of their mRNA and protein levels. (G) Sumoylation of MDA5 and its mutants in reconstituted cells. MDA5-shRNA MEFs reconstituted with MDA5 or its mutants were left uninfected or infected with EMCV for the indicated times before immunoprecipitation and immunoblotting analysis. To ensure comparable protein levels of MDA5 and its mutants in all reconstituted MEFs, the titers of retroviruses were adjusted for reconstitution. More retroviruses containing the K43R or K43/865R mutants were used to superinfect the cells, which were designated as K43R-H and K43/865R-H, respectively. All the experiments were repeated for three times.](JEM_20161015_Fig4){#fig4}

We also identified five candidate motifs that are conserved between human MDA5 and its murine orthologue, including the motifs containing K43, K472, K522, K664, and K865 in human MDA5, which are corresponding to K43, K473, K523, K664, and K865 in murine MDA5, respectively. Mutagenesis indicated that mutation of either K43 or K865 but not K472, K522, or K664 reduced sumoylation of human MDA5, whereas simultaneous mutation of both K43 and K865 abolished its sumoylation ([Fig. 4 D](#fig4){ref-type="fig"}). To further confirm the sumoylation residues of murine MDA5, we established MDA5-shRNA MEFs in which basal and viral infection--induced expression of MDA5 was almost abolished ([Fig. 4 E](#fig4){ref-type="fig"}). We then reconstituted MDA5 and its various mutants into MDA5-shRNA MEFs via a pseudotyped retroviral-mediated gene transfer approach. Interestingly, when MDA5-shRNA MEFs were infected with equal titers of pseudotyped retroviruses so that the mRNA levels of MDA5 and its mutants were comparable in these reconstituted cells, we observed that mutation of K43 but not other residues dramatically decreased the stability of MDA5 ([Fig. 4 F](#fig4){ref-type="fig"}). We next infected MDA5-shRNA MEFs with proper titers of pseudotyped retroviruses so that comparable protein levels of MDA5 and its mutants were expressed in the reconstituted cells. Immunoprecipitation experiments with these reconstituted cells indicated that mutation of K43 but not K865 abolished the sumoylation of MDA5 in uninfected cells. Furthermore, mutation of either K43 or K865 attenuated EMCV-induced sumoylation of MDA5, and simultaneous mutation of K43 and K865 abolished sumoylation of MDA5 in both uninfected and infected cells ([Fig. 4 G](#fig4){ref-type="fig"}). These results suggest that murine MDA5 is sumoylated at K43 in uninfected cells and further sumoylated at K865 after EMCV infection, and sumoylation at K43 of MDA5 maintains its stability in resting cells.

Sumoylation regulates K48-linked polyubiquitination and degradation of RIG-I and MDA5 {#s07}
-------------------------------------------------------------------------------------

In our experiments, we routinely found that the protein levels of RIG-I and MDA5 were decreased in *Trim38*^−/−^ MLFs ([Fig. 3, D and E](#fig3){ref-type="fig"}), suggesting that Trim38-mediated sumoylation of RIG-I and MDA5 promotes their stability. Consistently, knockdown of TRIM38 in human cells severely impaired the stability of overexpressed RIG-I and MDA5 but not VISA ([Fig. 5 A](#fig5){ref-type="fig"}). Previously, it has been reported that RNF125- and c-Cbl--mediated K48-linked polyubiquitination regulates degradation of RIG-I and MDA5 ([@bib2]; [@bib5]). We investigated whether sumoylation of RIG-I and MDA5 regulates their K48-linked polyubiquitination. The results indicated that sumoylation of RIG-I and MDA5 markedly inhibited their K48-linked polyubiquitination ([Fig. 5, B and C](#fig5){ref-type="fig"}). Interestingly, sumoylation of both N-terminal and C-terminal domains of RIG-I/MDA5 suppressed their respective K48-linked polyubiquitination of these mutants ([Fig. 5, B and C](#fig5){ref-type="fig"}), suggesting that sumoylation at both K96/K888 of RIG-I and K43/K865 of MDA5 regulates their K48-linked polyubiquitination. Consistently, knockdown of TRIM38 in human cells dramatically increased K48-linked polyubiquitination of RIG-I and MDA5 ([Fig. 5, D and E](#fig5){ref-type="fig"}). These data suggested that sumoylation of RIG-I and MDA5 regulates their K48-linked polyubiquitination and degradation.

![**Sumoylation regulates K48-linked polyubiquitination and degradation of RIG-I and MDA5.** (A) Effects of knockdown of TRIM38 on stabilities of RIG-I, MDA5, and VISA. HEK293 cells were transfected with the indicated plasmids for 36 h, followed by cycloheximide (CHX; 100 µg/ml) treatment for the indicated times before immunoblotting analysis. (B and C) Effect of sumoylation of RIG-I and MDA5 on their K48-linked polyubiquitination in mammalian overexpression system. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by immunoprecipitation and immunoblotting analysis. (D and E) Effects of knockdown of TRIM38 on K48-linked polyubiquitination of RIG-I and MDA5. HEK293 cells were transfected with the indicated plasmids for 36 h, and then left uninfected or infected with SeV (D) or EMCV (E) for the indicated times before immunoprecipitation and immunoblotting analysis. All the experiments were repeated three times.](JEM_20161015_Fig5){#fig5}

To further determine how the dynamic sumoylation of RIG-I and MDA5 mediated by TRIM38 regulates their K48-linked polyubiquitination and degradation, we examined endogenous sumoylation and K48-linked polyubiquitination of wild-type RIG-I/MDA5 and their mutants before and after viral infection. It has been reported that RNF125 and c-Cbl mediate K48-linked polyubiquitination of RIG-I at K181 and K812, respectively ([@bib2]; [@bib5]). Endogenous immunoprecipitation experiments with reconstitution cells indicated that mutation of K812 abolished the basal K48-linked polyubiquitination of RIG-I in uninfected cells, and mutation of K181 or K812 reduced SeV-induced K48-linked polyubiquitination of RIG-I, whereas simultaneous mutation of these two residues abolished its K48-linked polyubiquitination at the late phase of viral infection (12 h; [Fig. 6 A](#fig6){ref-type="fig"}). These results suggest that RIG-I undergoes K48-linked polyubiquitination at K812 and degradation in resting cells and SeV infection triggers dramatic K48-linked polyubiquitination at both K181 and K812 at the late phase of viral infection. In addition, mutation of K889 but not K96 to arginine abolished sumoylation of RIG-I in uninfected cells. In the same experiments, the basal K48-linked polyubiquitination of RIG-I, which mainly occurs at K812 was markedly increased by K889 mutation ([Fig. 6 B](#fig6){ref-type="fig"}), suggesting that sumoylation of RIG-I at K889 inhibits its K48-linked polyubiquitination at K812 and degradation in resting cells. In addition, mutation of K96 impaired SeV-induced sumoylation of RIG-I and increased its SeV-induced but not basal K48-linked polyubiquitination ([Fig. 6 B](#fig6){ref-type="fig"}), suggesting that SeV-induced sumoylation of RIG-I at K96 suppresses its K48-linked polyubiquitination at K181. Collectively, these results suggest that RIG-I is sumoylated at K889, which suppresses its K48-linked polyubiquitination at K812 and degradation in resting cells, and further sumoylated at K96, which suppresses its K48-linked polyubiquitination of K181 and degradation at the early phase of viral infection, followed by its desumoylation and K48-linked polyubiquitination at both K181 and K812 in late-infected cells ([Fig. 6 C](#fig6){ref-type="fig"}). Consistent with the biochemical results, mutation of K96 or K889 to arginine dramatically inhibited SeV-induced transcription of *Ifnb1*, whereas mutation of K181 or K812 markedly increased SeV-induced transcription of *Ifnb1* in the reconstituted *Rig-i*^−/−^ MEFs ([Fig. 6 D](#fig6){ref-type="fig"}).

![**Physiological relationship of sumoylation and K48-linked polyubiquitination of RIG-I.** (A) The K48-linked polyubiquitination of RIG-I and its mutants after SeV stimulation in reconstituted cells. *Rig-i*^−/−^ MEFs reconstituted with RIG-I, or its mutants were infected with SeV for the indicated times, followed by immunoprecipitation and immunoblotting analysis. As described in [Fig. 4 C](#fig4){ref-type="fig"}, subinfection (K812R-L and K812/181R-L) with the RIG-I mutant-containing retroviruses was used to make the reconstituted RIG-I and mutants express at similar levels. (B) Dynamic sumoylation and K48-linked polyubiquitination of RIG-I and its mutants after SeV stimulation in reconstituted cells. *Rig-i*^−/−^ MEFs reconstituted with RIG-I or its mutants were infected with SeV for the indicated times, followed by immunoprecipitation and immunoblotting analysis (top). As described in C, superinfection the RIG-I K889R mutant (K889R-H) containing retroviruses was used to make the reconstituted RIG-I and its mutants express at similar levels. (C) The schematic diagram for dynamic K48-linked polyubiquitination and sumoylation of RIG-I before and after viral infection. The crystal structures of RIG-I CARD (PDB:4P4H) and Helicase domains (PDB:5E3H) were obtained from the PDB database. Black, ubiquitination sites; red, sumoylation sites; blue, phosphorylation sites. (D) SeV-induced transcription of downstream antiviral genes in *Rig-i*^−/−^ MEFs reconstituted with wild-type RIG-I or its mutants. The reconstituted cells were left uninfected or infected with SeV for 6 h before qPCR analysis. Data in D are from one representative experiment with three technical replicates (mean ± SD). All the experiments were repeated for three times.](JEM_20161015_Fig6){#fig6}

Mutagenesis and immunoprecipitation experiments indicated that RNF125-mediated K48-linked polyubiquitination of MDA5 at K128 ([Fig. 7 A](#fig7){ref-type="fig"}). As shown in [Fig. 7 B](#fig7){ref-type="fig"}, mutation of K43 but not K128 or K865 to arginine abolished the sumoylation of MDA5 in uninfected cells. In the same experiments, the basal K48-linked polyubiquitination of MDA5 was markedly increased by K43 mutation, abolished by K128 mutation and unchanged by K865 mutation, respectively, in uninfected cells ([Fig. 7 B](#fig7){ref-type="fig"}). These results suggest that K128 of MDA5 is modified by K48-linked polyubiquitination in resting cells, and sumoylation at K43 of MDA5 inhibits its K48-linked polyubiquitination at K128 and degradation in resting cells ([Fig. 7 C](#fig7){ref-type="fig"}). In addition, mutation of K128 of MDA5 attenuated EMCV-induced K48-linked polyubiquitination at the late phase of viral infection (12 h; [Fig. 7 B](#fig7){ref-type="fig"}), suggesting that MDA5 is modified with increased K48-linked polyubiquitination at K128 in late-infected cells. Interestingly, the K865 residue (as shown in K43R mutant) was markedly sumoylated at early phase (6 h), but decreased at late phase (12 h) after EMCV infection ([Fig. 7 B](#fig7){ref-type="fig"}). Mutation of K865 also markedly attenuated EMCV-induced K48-linked polyubiquitination of MDA5 at late phase of viral infection (12 h; [Fig. 7 B](#fig7){ref-type="fig"}), indicating that MDA5 is modified with vast K48-linked polyubiquitination at K865 in addition to K128 in late-infected cells. These results suggest that viral infection induces two-step sequential modifications of sumoylation and K48-linked polyubiquitination of MDA5 at K865 at early and late phase of viral infection, respectively ([Fig. 7 C](#fig7){ref-type="fig"}). Constantly, mutation of K128 and K865 individually or simultaneously markedly attenuated or completely abolished K48-linked polyubiquitination of MDA5, respectively ([Fig. 7 D](#fig7){ref-type="fig"}). These results suggest that viral infection induces K48-linked polyubiquitination of MDA5 at both K128 and K865. Consistent with the biochemical results, mutation of K43 to arginine dramatically inhibited EMCV-induced transcription of *Ifnb1*, whereas mutation of K128 or K865 markedly increased EMCV-induced transcription of *Ifnb1* in the reconstituted MDA5-shRNA MEFs ([Fig. 7 E](#fig7){ref-type="fig"}).

![**Physiological relationship of sumoylation and K48-linked polyubiquitination of MDA5.** (A) Identification of the residue in MDA5-CARD targeted by RNF125 for K48-linked polyubiquitination. HEK293 cells were transfected with the indicated plasmids for 18 h, and then treated with MG132 for 6 h before immunoprecipitation and immunoblotting analysis. (B) Dynamic sumoylation and K48-linked polyubiquitination of MDA5 and its mutants after EMCV stimulation in reconstituted cells. MDA5-shRNA MEFs reconstituted with MDA5 or its mutants were infected with EMCV for the indicated times, followed by immunoprecipitation and immunoblotting analysis (top histogram). As described in [Fig. 4 G](#fig4){ref-type="fig"}, superinfection (K43R-H) or subinfection (K128R-L) of the MDA5 mutant-containing retroviruses was used to make the reconstituted MDA5 and its mutants express at similar levels. (C) The schematic diagram for dynamic K48-linked polyubiquitination and sumoylation of MDA5 before and after viral infection. The crystal structure of MDA5 Helicase domain (PDB: 4GL2) was obtained from the PDB database. Black, ubiquitination sites; red, sumoylation sites; blue, phosphorylation site. (D) Effects of simultaneous mutation of K128 and K865 on EMCV-induced K48-linked polyubiquitination of MDA5. HEK293 cells were transfected with the indicated plasmids for 24 h, and then cells were left uninfected or infected with EMCV for 12 h, followed by immunoprecipitation and immunoblotting analysis. (E) EMCV-induced transcription of downstream antiviral genes in MDA5-shRNA MEFs reconstituted with wild-type MDA5 or its mutants. The reconstituted cells were left uninfected or infected with EMCV for 6 h before qPCR analysis. Data in E are from one representative experiment with three technical replicates (mean ± SD). All the experiments were repeated three times.](JEM_20161015_Fig7){#fig7}

Sumoylation of the CARDs of MDA5 and RIG-I facilitates their dephosphorylation by PP1 and activation {#s08}
----------------------------------------------------------------------------------------------------

During our investigation on sumoylation of the CARDs of RIG-I and MDA5, we found that mutation of K96 of RIG-I--CARD or full-length RIG-I or mutation of K43 of MDA5-CARD or full-length MDA5 dramatically impaired their activation of the IFN-β promoter compared with their respective wild-type counterparts or other mutants in reporter assays ([Fig. 8 A](#fig8){ref-type="fig"}). These results suggest that sumoylation of RIG-I and MDA5 in their CARDs regulates their activation in addition to their stabilities. It has been reported that RIG-I and MDA5 are phosphorylated at S8/T170 and S88, respectively, to inhibit their activation in uninfected cells ([@bib8]; [@bib26]; [@bib23]; [@bib32]), and viral infection induces their dephosphorylation mediated by PP1 and subsequent K63-linked polyubiquitination for their ultimate activation ([@bib7]; [@bib38]; [@bib32]). To determine which events are regulated by sumoylation of MDA5 and RIG-I, we examined their dephosphorylation and K63-linked polyubiquitination in reconstituted MEFs after SeV or EMCV infection, respectively. The results indicated that mutation of K96 of RIG-I or K43 of MDA5 had no marked effects on the basal phosphorylation of RIG-I or MDA5, but markedly impaired their dephosphorylation and K63-linked polyubiquitination induced by SeV or EMCV infection ([Fig. 8 B](#fig8){ref-type="fig"}). Consistently, mutation of K96 of RIG-I or K43 of MDA5 impaired their recruitment of PP1 after viral infection ([Fig. 8 B](#fig8){ref-type="fig"}), whereas sumoylation of RIG-I--CARD or MDA5-CARD promoted their interaction with PP1 in mammalian overexpression system ([Fig. 8 C](#fig8){ref-type="fig"}). Interestingly, mutation of K96 of RIG-I significantly impaired not only SeV-induced but also the constitutive association of RIG-I with PP1 ([Fig. 8, B and C](#fig8){ref-type="fig"}). Functionally, mutation of S8/T170 of RIG-I or S88 of MDA5 to aspartic acids, which mimic their constructive phosphorylated states abolished their activation of IFN-β, whereas mutation of S8/T170 of RIG-I and S88/MDA5 to alanines, which mimic their unphosphorylated states enhanced their activation of IFN-β, which is consistent with previous studies ([@bib8]; [@bib26]; [@bib23]; [@bib32]). Interestingly, mutation of S8/T170 to alanines rescued the impaired activation of the IFN-β promoter mediated by RIG-I(K96R) ([Fig. 8 D](#fig8){ref-type="fig"}). Similarly, mutation of S88 of MDA5 to alanine rescued the impaired activation of the IFN-β promoter mediated by MDA5(K43R) ([Fig. 8 D](#fig8){ref-type="fig"}). These results suggest that sumoylation of the CARDs of RIG-I and MDA5 is required for their dephosphorylation and K63-linked polyubiquitination upon viral infection. Collectively, these results suggest that sumoylation of the CARDs of RIG-I and MDA5 potentiates their activation by facilitating their dephosphorylation mediated by PP1 and K63-linked polyubiquitination.

![**Sumoylation of the CARDs of MDA5 and RIG-I is critical for their recruitment of PP1α.** (A) Effects of MDA5, RIG-I, and their mutants on activation of the IFN-β promoter. HEK293 cells were transfected with the indicated plasmids for 24 h before luciferase assays. (B) Effects of sumoylation-defective mutation of the CARDs of RIG-I and MDA5 on their dephosphorylation, K63-linked polyubiquitination and recruitment of PP1α after viral infection. The reconstituted MEFs were left uninfected or infected with SeV or EMCV for the indicated times, followed by immunoprecipitation. The immunoprecipitates were divided into two equal portions, and one was used for immunoblot analysis with the PP1α antibody and the other was lysed in denaturing conditions and reimmunoprecipitated for endogenous ubiquitination detection. (C) Effects of sumoylation of RIG-I-CARD or MDA5-CARD on their interactions with PP1α. HEK293 cells were transfected with the indicated plasmids for 24 h, followed by coimmunoprecipitation and immunoblotting analysis. (D) Effects of RIG-I-, MDA5- and their mutants on activation of the IFN-β promoter. HEK293 cells were transfected with the indicated plasmids for 24 h followed by luciferase assays. Data in A and d are from one representative experiment with three technical replicates (mean ± SD). All the experiments were repeated three times.](JEM_20161015_Fig8){#fig8}

Desumoylation of MDA5 and RIG-I by SENP2 at the late phase of viral infection {#s09}
-----------------------------------------------------------------------------

During our investigation of endogenous sumoylation of RIG-I and MDA5, we routinely observed that sumoylation of both RIG-I and MDA5 was decreased at the late phase of viral infection ([Fig. 3, D and E](#fig3){ref-type="fig"}). We hypothesized that RIG-I and MDA5 were desumoylated by a desumoylating enzyme. A screen of several SENP desumoylating enzymes indicated that SENP2 dramatically inhibited the sumoylation of RIG-I and MDA5 ([Fig. 9 A](#fig9){ref-type="fig"}). In these experiments, SENP1 had a much weaker ability, whereas other SENPs had no marked effects on the sumoylation of RIG-I and MDA5 ([Fig. 9 A](#fig9){ref-type="fig"}). Knockdown of SENP2 markedly potentiated SeV- or transfected poly(I:C)-induced activation of the IFN-β promoter, whereas knockdown of SENP1 had no marked effects ([Fig. 9 B](#fig9){ref-type="fig"}). Our previous work showed that SENP2 desumoylates IRF3 to inhibit virus-triggered IRF3 activation and type I IFNs induction ([@bib27]). Interestingly, SENP2 deficiency potentiated both RIG-I-- and MDA5-mediated phosphorylation and activation of TBK1, which functions upstream of IRF3 in RLR signaling pathways ([Fig. 9 C](#fig9){ref-type="fig"}). These results indicated that RIG-I and MDA5, in addition to IRF3, were indeed potential targets of SENP2. Furthermore, *Senp2*^−/−^ MEFs showed sustained and increased sumoylation, dramatically reduced K48-linked polyubiquitination, and increased protein levels of RIG-I and MDA5, as well as sustained phosphorylation of Tbk1 and Irf3 in comparison to SENP2-reconstituted MEFs at the late phase of viral infection ([Fig. 9, D and E](#fig9){ref-type="fig"}). In these experiments, SENP2 was recruited to RIG-I and MDA5 at the late phase of viral infection in reconstituted cells ([Fig. 9, D and E](#fig9){ref-type="fig"}). Consistently, transcription of downstream antiviral genes including *Ifnb1*, *Cxcl10*, and *Tnfa* induced by SeV or EMCV infection was dramatically increased in *Senp2*^−/−^ in comparison to SENP2-reconstituted MEFs at the late phase of viral infection (8--16 h; [Fig. 9 F](#fig9){ref-type="fig"}). Additional experiments indicated that the expression levels of SENP2 was not markedly changed after viral infection or poly(I:C) stimulation ([Fig. 9 G](#fig9){ref-type="fig"}), suggesting that the activity of SENP2 may be regulated by conformational changes, posttranslational modifications, or other factors rather than its expression level at the late phase of viral infection. Collectively, these results suggest that SENP2 desumoylates RIG-I and MDA5 and promotes their K48-linked polyubiquitination and degradation at the late phase of viral infection to avoid sustained activation of RIG-I and MDA5, as well as excessive innate immune response.

![**Desumoylation of RIG-I and MDA5 by SENP2 at the late phase of viral infection.** (A) Effects of SENPs on sumoylation of RIG-I and MDA5. HEK293 cells were transfected with the indicated plasmids for 24 h before Ni^2+^ pull-down assays and immunoblotting analysis. (B) Effects of knockdown of SENP1 and SENP2 on SeV- or poly(I:C)-induced activation of the IFN-β promoter. HEK293 cells were transfected with the indicated plasmids for 36 h, and then infected with SeV for 10 h or transfected with poly(I:C) for 18 h before luciferase assays. The knockdown efficiencies of SENP1 and SENP2 shRNAs are shown at the right panels. HEK293T cells were transfected with the indicated plasmids for 24 h followed by immunoblotting analysis. (C) Effects of SENP2 deficiency on RIG-I and MDA5-mediated activation of TBK1. The indicated proteins were transduced into SENP2- and vector-reconstituted SENP2^−/−^ MEFs via retroviral approach, and then cells were harvested, followed by immunoblotting analysis with the indicated antibodies. (D and E) Effects of SENP2 deficiency on sumoylation and K48-linked polyubiquitination of RIG-I and MDA5. *Senp2*^−/−^ or SENP2-reconstituted MEFs were left uninfected or infected with SeV (D) or EMCV (E) for the indicated times, followed by immunoprecipitation and immunoblotting analysis. (F) Effects of SENP2 deficiency on SeV- and EMCV-induced transcription of downstream antiviral genes. *Senp2*^−/−^ or SENP2-reconstituted MEFs were left uninfected or infected with SeV or EMCV for the indicated times before qPCR analysis. (G) Effects of viral infection and poly(I:C)-transfected on expression of SENP2. Cells were infected with SeV (left) or transfected with poly(I:C) (right) for the indicated times before lysed for immunoblotting analysis with the indicated antibodies. Data in B and F are from one representative experiment with three technical replicates (mean ± SD). All the experiments were repeated three times.](JEM_20161015_Fig9){#fig9}

Discussion {#s10}
==========

In this study, we identified TRIM38 as a RIG-I-- and MDA5-associated protein. In contrast to its negative regulatory roles in TLR3/4-mediated or TNF/IL-1-triggered signaling ([@bib13], [@bib14]), TRIM38 positively regulates RIG-I-- and MDA5-mediated signaling and induction of downstream antiviral genes. Gene knockout in mice suggests that Trim38 is essential for efficient induction of type I IFNs, proinflammatory cytokines, and other downstream antiviral genes, as well as for host defense against RNA viruses in vivo.

Biochemical analysis suggests that Trim38 acts as a SUMO1 E3 ligase for RIG-I and MDA5. Mutagenesis indicates that Trim38 catalyzes the sumoylation of RIG-I at K96/K889 and MDA5 at K43/K865. These sumoylation are impaired in Trim38-deficient cells both before and after viral infection, further confirming that RIG-I and MDA5 are sumoylated by Trim38. Interestingly, reconstitution experiments indicate that the sumoylations of RIG-I and MDA5 are dynamically regulated. In uninfected cells, K889 of RIG-I is basally sumoylated. Upon viral infection, the sumoylation at K889 is enhanced and K96 is further sumoylated. Similarly, K43 of MDA5 is basally sumoylated in uninfected cells and K865 is further sumoylated upon viral infection.

The differential sumoylations of RIG-I and MDA5 are important for maintaining their stability in uninfected and early-infected cells, respectively. Trim38 deficiency markedly impairs stability of RIG-I and MDA5, suggesting an important role of Trim38-mediated sumoylation in the regulation of their stability. Several observations suggest that Trim38-mediated dynamic sumoylations of MDA5 and RIG-I maintain their stability by antagonizing their K48-linked polyubiquitination and degradation. First, sumoylations of MDA5, MDA5-CARD and MDA5-C markedly suppressed their respective K48-linked polyubiquitination. Second, mutation of K43 abolished the sumoylation of MDA5 in uninfected cells and attenuated EMCV-induced sumoylation in early-infected cells, but increased the basal and EMCV-induced K48-linked polyubiquitination of MDA5. Third, MDA5 was sumoylated at K865 in early-infected cells and desumoylated at the late phase of viral infection when K48-linked polyubiquitination of MDA5 at the same residue was readily detected. Fourth, reconstitution of SENP2 into *Senp2*^−/−^ MEFs markedly abolished the sustained sumoylation of MDA5 but facilitated their K48-linked polyubiquitination at the late phase of viral infection. Similarly, our results suggest that dynamic sumoylation of RIG-I also maintains its stability by antagonizing its K48-linked polyubiquitination and degradation.

Previously, it has been reported that TRIM38 negatively regulates TLR- and RLR-mediated induction of inflammatory cytokines and type I IFNs by targeting TRAF6 and NAP1 for K48-linked polyubiquitination and proteasomal degradation in mouse cell line RAW264.7 ([@bib39],[@bib40]). However, using genetic and biochemical approaches, we found that TRIM38 positively regulates RLR-mediated signaling, which is contradictory with the previous studies. In addition, two recent studies have demonstrated that TRIM38 targets TRIF but not TRAF6 or NAP1 for ubiquitination and degradation, leading to inhibition of TLR3/4-mediated innate immune responses ([@bib34]; [@bib14]).

Our experiments indicate that Trim38-mediated sumoylations of MDA5 and RIG-I are not only important for antagonizing their K48-linked polyubiquitination and degradation in uninfected and early-infected cells, they are also required for activation of RIG-I and MDA5. Previously, it has been demonstrated that dephosphorylation of RIG-I and MDA5 by the phosphatase PP1 after viral infection is critical for their activation ([@bib32]). Our experiments indicated that mutation of K96 of RIG-I or K43 of MDA5 impaired their dephosphorylation triggered by viral infection. In addition, mutation of S8 and T170 to alanines rescued the impaired ability of RIG-I(K96R) to activate the IFN-β promoter, respectively. Similarly, mutation of S88 of MDA5 to alanines rescued the impaired ability of MDA5(K43R) to activate the IFN-β promoter. Consistently, mutation of K96 of RIG-I or K43 of MDA5 impaired their recruitments of PP1 upon viral infection, whereas sumoylation of the CARDs of RIG-I and MDA5 potentiated their interactions with PP1. Furthermore, mutation of K96 of RIG-I or K43 of MDA5 also abolished their K63-linked polyubiquitination and ultimate activation after viral infection.

Interestingly, although both RIG-I and MDA5 are sumoylated by Trim38 before and after viral infection, and both of their sumoylations contribute to their stability and activation, the patterns of their sumoylations are different. RIG-I is basally sumoylated in the CTT and further sumoylated in the CARD, whereas MDA5 is sumoylated in the opposite way. Previously, it has been demonstrated that RIG-I but not MDA5 forms "closed" conformation in the absence of viral infection ([@bib28]), which may contribute to the distinct patterns of sumoylation of RIG-I and MDA5.

In our study, we also identified SENP2 as a desumoylating enzyme for RIG-I and MDA5. *Senp2*^−/−^ MEFs showed sustained and increased sumoylation of RIG-I and MDA5, dramatically reduced K48-linked polyubiquitination of RIG-I and MDA5, increased protein levels of RIG-I and MDA5, sustained phosphorylations of Tbk1 and Irf3, and increased transcription of downstream antiviral genes in comparison to SENP2-reconstituted MEFs at the late phase of viral infection. These results suggest that SENP2 desumoylates RIG-I and MDA5 at the late phase of viral infection to avoid sustained activation of RIG-I and MDA5, as well as excessive innate immune response.

Based on our results, we propose a working model on the regulation of RIG-I-- and MDA5-mediated innate immune responses to RNA viruses by divergent and dynamic posttranslational modifications. In the absence of viral infection, Trim38 catalyzes sumoylation of RIG-I at K889 or MDA5 at K43, which inhibits their K48-linked polyubiquitination at K812 or K128, respectively, as well as degradation by the ubiquitin--proteasomal pathways, and ensures proper levels of RIG-I and MDA5 for initiation of innate immune signaling upon viral infection. Meanwhile, RIG-I and MDA5 are phosphorylated in their CARDs to suppress their activation in resting cells ([@bib8]; [@bib26]; [@bib23]). Upon viral infection, Trim38 further catalyzes sumoylation of RIG-I at K96 or MDA5 at K43/K865. Sumoylation of RIG-I at K96 or MDA5 at K43 facilitates their recruitments of PP1 and dephosphorylation, followed by their K63-linked polyubiquitination and ultimate activation. Additionally, sumoylation of RIG-I at K96 suppresses its K48-linked polyubiquitination at K181 at the early phase of viral infection. Similarly, sumoylation of MDA5 at K43 and K865 suppresses its K48-linked polyubiquitination at K128 and K865, respectively, at the early phase of viral infection. These ensure that proper levels of RIG-I and MDA5 are activated for recruitment of the mitochondrial-associated adaptor protein VISA, followed by ultimate induction of downstream antiviral genes and efficient innate antiviral immune response. At the late phase of viral infection, SENP2 is recruited to RIG-I or MDA5 and desumoylates them at K43/K865 or K96/K889, respectively. The desumoylation of RIG-I and MDA5 leads to their K48-linked polyubiquitination at K181/K812 or K128/K865, respectively, and degradation by the ubiquitin-proteasomal pathways, and efficiently turning off viral RNA-triggered induction of downstream antiviral genes, as well as innate immune response.

Materials and methods {#s11}
=====================

Reagents, antibodies, viruses, and cells {#s12}
----------------------------------------

The following reagents were used: GM-CSF (PeproTech); poly(I:C) and poly(I:C)-LMW (InvivoGen); cycloheximide (CHX), MG132, N-ethylmaleimide (NEM; Sigma-Aldrich); Lipofectamine 2000 (Invitrogen); polybrene (EMD Millipore); SYBR (Bio-Rad laboratories); RNase inhibitor (Thermo Fisher Scientific); ELISA kit for murine Ifn-β (PBL); ELISA kit for murine Tnfα (BioLegend); mouse monoclonal antibodies against HA (Covance); Flag and β-actin (Sigma-Aldrich); phospho-IκBα (S536; Cell Signaling Technology); rabbit polyclonal antibodies against phospho-IRF3(S396; Cell Signaling Technology), phospho-TBK1(S172; Abcam), SUMO1 (Abclone Biotechnology), K63-lined polyubiquitin and K48-linked polyubiquitin (EMD Millipore) were purchased from the indicated manufacturers. The phosphorylation antibodies including phospho-MDA5(S88), phospho-RIG-I(S8) and phospho-RIG-I(T170) were provided by M. Gack (The University of Chicago, Chicago, IL). Mouse antisera against RIG-I and MDA5 were raised using recombinant RIG-I(1--200) and MDA5(1--200), respectively. EMCV was provided by H.-C. Yang (China Agricultural University, Beijing, China). NDV, VSV, and SeV were previously described ([@bib43]). HEK293 cells and HFFs were obtained from ATCC. HEK293T cells were originally provided by Dr. Gary Johnson (National Jewish Health). *Rig-i^−/−^* and *Senp2*^−/−^ MEFs were previously described ([@bib27]; [@bib19]). Primary *Trim38*^+/+^ and *Trim38*^−/−^ BMDMs, BMDCs and MLFs were prepared as previously described ([@bib14]).

Constructs {#s13}
----------

Expression plasmids for RIG-I, MDA5, VISA, TBK1, TRIM38, SENP2, UBC9 and SUMO1 were previously described ([@bib18]; [@bib4]; [@bib42]; [@bib27]; [@bib13]). Expression plasmids for other SENPs except SENP2 as well as SUMO2 and SUMO3 were provided by Dr. Chen Wang (Shanghai Institutes of Biological Sciences, Shanghai, China). Flag- or HA-tagged human and murine MDA5 and RIG-I mutants were constructed by standard molecular biology techniques.

Identification of MDA5-associated proteins {#s14}
------------------------------------------

The empty vector- and MDA5-Flag--transduced stable HEK293 cells (5 × 10^7^) were lysed, and then the cell lysates were subjected to immunoprecipitation with anti-Flag antibody. The immunoprecipitates were eluted with 3xFlag peptides, and then subjected to reimmunoprecipitation with anti-MDA5. The anti-MDA5--associated proteins were eluted and digested by trypsin in solution. The tryptic peptides were analyzed by HPLC-ESI/MS/MS with a Finnigan LTQ (Thermo Fisher Scientific) adapted for nanospray ionization. The tandem spectra were searched against *Homo sapiens* National Center for Biotechnology Information reference database using the SEQUEST. Results was filtered by Xcorr +1 \> 1.9, +2 \> 2.2, +3 \> 3.5, sp \> 500, Deltcn \> 0.1, Rsp ≤ 5. The candidates were identified by subtraction of the identified proteins of the empty vector--transfected cells from that of the MDA5-Flag--transduced cells.

*Trim38* knockout mice {#s15}
----------------------

*Trim38* knockout mice and the genotyping methods were previously described ([@bib14]). All animal experiments were performed in accordance with the Wuhan University animal care and use committee guidelines.

Transfection {#s16}
------------

HEK293T cells were transfected by standard calcium phosphate precipitation method. HFFs, BMDMs, L929 cells, and MLFs were transfected by Lipofectamine 2000 according to procedures recommended by the manufacturer.

Pseudotyped retroviral-mediated gene transfer {#s17}
---------------------------------------------

Establishment of MDA5-shRNA stable cell line in MEFs, reconstitution of MDA5 and its mutants into established MDA5-shRNA MEFs or reconstitution of RIG-I and its mutants into *Rig-i*^−/−^ MLFs was performed by pseudotyped retroviral-mediated gene transfer. In brief, HEK293T cells plated on 100-mm dishes were transfected with the indicated retroviral MDA5-shRNA or expression plasmid (10 µg) together with the pGag-pol (10 µg) and the pVSV-G (3 µg) plasmids. 2 d after transfection, the viruses were harvested and used to infect the targeted cells in the presence of polybrene (8 µg/ml). The infected cells were selected with puromycin (1 µg/ml) for at least 2 d. During reconstitution, pseudotyped retroviruses containing the empty vectors were used for control infection to ensure that all of the cells receive identical amounts of retroviral infection.

RNAi or shRNA {#s18}
-------------

Double-stranded oligonucleotides corresponding to the target sequences were cloned into the pSuper.Retro-RNAi plasmid (Oligoengine). The following sequence was targeted for MDA5 mRNA: 5′-GCTTCAGGAATCTCATCTTAT-3′. TRIM38-, SENP1-, and SENP2-shRNA plasmids were previously described ([@bib27]; [@bib13]).

Ni^2+^ pull-down assays {#s19}
-----------------------

Cells cultured in 6-cm plates were transfected with the indicated plasmids. 24 h after transfection, cells from each plate were collected and divided into two aliquots. One aliquot was lysed in lysis buffer and analyzed by immunoblotting analysis to examine the expression of transfected proteins. Another aliquot was lysed in buffer A (6 M guanidinium-HCl, 0.1 M Na~2~HPO~4~/NaH~2~PO~4~, 10 mM Tris-Cl, pH 8.0, 5 mM imidazole, and 10 mM β-mercaptoethanol), and incubated with Ni^2+^-NTA beads (QIAGEN) for 4 h at room temperature or overnight at 4°C. The beads were washed sequentially with buffers A, B (8 M urea, 0.1 M Na~2~PO~4~/NaH~2~PO~4~, 10 mM Tris-HCl, pH 8.0, and 10 mM β-mercaptoethanol), and C (same as B except pH 6.3). Beads with bound proteins were then boiled in SDS sample buffer, and the proteins were fractioned by SDS-PAGE and analyzed by immunoblotting.

Coimmunoprecipitation, endogenous sumoylation, and ubiquitination {#s20}
-----------------------------------------------------------------

Cells were lysed with RIPA buffer plus complete protease inhibitors and 20 mM NEM, and lysates were sonicated for 1 min. The lysates were centrifuged at 14,000 rpm for 20 min at 4°C. The supernatants were incubated with respective antibodies at 4°C overnight before protein G beads were added for 2 h. The beads were washed with cold PBS plus 0.5 M NaCl for three times followed by an additional wash with PBS. Proteins were separated by 8% SDS--PAGE, followed by immunoblotting analysis with the indicated antibodies.

To detect endogenous sumoylation and ubiquitination, the immunoprecipitates were reextracted in lysis buffer containing 1% SDS and denatured by heating for 5 min. The supernatants were diluted with regular lysis buffer until the concentration of SDS was decreased to 0.1%, followed by reimmunoprecipitation with the indicated antibodies. The immunoprecipitates were analyzed by immunoblotting with the ubiquitin antibody.

qPCR {#s21}
----

Total RNA was isolated for qPCR analysis to measure mRNA levels of the indicated genes. Data shown are the relative abundance of the indicated mRNA normalized to that of *Gapdh*. The sequences of the primers used for qPCR analysis of murine *Ifnb1*, *Il6*, *Tnfa*, *Cxcl10*, *Trim38*, and *Gapdh* mRNAs have been previously described ([@bib14]).

Plaque assays {#s22}
-------------

The HEK293 cells (1 × 10^5^) were transfected with the indicated plasmids for 24 h followed by VSV infection (MOI of 0.1), and then cells were washed with PBS for three times for removal of uninfected virus, followed by replacement of new complete medium 1 h after viral infection. After 24 h, the supernatants were collected and diluted to a series of concentrates, followed by subjection to infect confluent Vero cells cultured on 24-well plates. At 1 h after infection, supernatant was removed and 3% methylcellulose was overplayed. At 3 d after infection, overlay was removed, cells were fixed with 4% formaldehyde for 1 h and stained with 0.2% Crystal violet in 20% methanol. Plaques were counted, averaged and multiplied by the dilution factor to determine viral titer as pfu/ml.

Statistics {#s23}
----------

For mouse experiments, no specific blinding method was used, but mice in each sample group were selected randomly. The sample size (*n*) of each experimental group is described in each corresponding figure legend. GraphPad Prism software was used for all statistical analyses. Quantitative data displayed as histograms are expressed as means ± SD. Data were analyzed using an unpaired Student's *t* test.
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